We study the properties of the light vector mesons (ρ, ω and φ) in strange hadronic matter using the QCD sum rule approach. The in-medium masses of the vector mesons are calculated from the modifications of the light quark condensates and the gluon condensates in the hadronic medium.
I. INTRODUCTION
The study of the properties of hadrons in hot and dense matter is an important topic of research in strong interaction physics. The changes in the hadron properties in the medium affect the experimental observables from the hot and/or dense matter produced in the heavy ion collision experiments. The medium modifications of the properties of the light vector mesons [1] can affect the low mass dilepton spectra, the properties of the kaons and antikaons In the present work, we study the medium modification of the masses of the light vector mesons (ρ, ω and φ) in the strange hadronic matter due to the interaction with the light quark condensates and the gluon condensates using the QCD sum rule approach [2] [3] [4] [5] [6] [7] .
The light quark condensates are calculated from the expectation values of the non-strange and strange scalar fields of the explicit chiral symmetry breaking term in a chiral SU (3) model [8, 9] . The gluon condensate in the hadronic medium is obtained from the medium modification of a scalar dilaton field introduced within the chiral SU(3) model through a scale symmetry breaking term in the Lagrangian density leading to the QCD trace anomaly.
The chiral SU(3) model has been used to describe the hadronic properties in the vacuum as well as in nuclear matter [8] , finite nuclei [9] and the bulk properties of (proto) neutron stars [10] . The vector mesons have also been studied within the model [11] , arising due to their interaction with the nucleons in the medium. The model has been used to study the medium modifications of kaons and antikaons in isospin asymmetric nuclear matter in [12] and in hyperonic matter in [13] . The chiral effective model has also been generalized to SU(4) to derive the interactions of the charm mesons with the light hadrons to study the D mesons in asymmetric nuclear matter at zero temperature [14] and in the symmetric and asymmetric nuclear (hyperonic) matter at finite temperatures in Ref. [15] and Ref. [16, 17] . In the present investigation, we study the light vector mesons using QCD sum rule approach due to their interaction with the quark and gluon condensates in the strange hadronic medium.
These in-medium condensates are calculated in a chiral SU(3) model, from the explicit chiral symmetry breaking term and the scale breaking term of the Lagrangian density of the effective hadronic model.
The outline of the paper is as follows : In section II, we give a brief introduction of the chiral SU(3) model used to calculate the quark and gluon condensates in the hadronic medium. In the present work, the in-medium condensates as calculated in the chiral SU (3) model, are taken as inputs for studying the in-medium masses of the light vector mesons using the QCD sum rule approach. The medium modifications of the quark and gluon condensates arise from the medium modification of the scalar fields of the explicit symmetry breaking term and of the scalar dilaton field introduced in the hadronic model to incorporate broken scale invariance of QCD. In section III, we present the results for the medium modifications of the light vector mesons using a QCD sum rule approach. In section IV, we summarize the findings of the present investigation and compare with the existing results in the literature for the in-medium properties of the light vector mesons.
II. THE HADRONIC CHIRAL SU (3) × SU (3) MODEL
We use an effective chiral SU(3) model for the present investigation [9] . The model is based on the nonlinear realization of chiral symmetry [18] [19] [20] and broken scale invariance [8, 9, 11] . This model has been used successfully to describe nuclear matter, finite nuclei, hypernuclei and neutron stars. The effective hadronic chiral Lagrangian density contains the following terms
In Eq. To study the in-medium hadron properties using the chiral SU(3) model, we use the mean field approximation, where all the meson fields are treated as classical fields. In this approximation, only the scalar and the vector fields contribute to the baryon-meson interaction, L BW since for all the other mesons, the expectation values are zero. The baryonscalar meson coupling constants are fitted from the vacuum masses of the baryons. The parameters in the model [9, 12] are chosen so as to decouple the strange vector field φ µ ∼sγ µ s from the nucleon.
The concept of broken scale invariance leading to the trace anomaly in QCD, θ
µν is the gluon field strength tensor of QCD, is simulated in the effective Lagrangian at tree level through the introduction of the scale breaking terms [21, 22] 
The Lagrangian density corresponding to the dilaton field, χ leads to the trace of the energy momentum tensor as [23, 24] 
The comparison of the trace of the energy momentum tensor arising from the trace anomaly of QCD with that of the present chiral model given by equation (3), gives the relation of the dilaton field to the scalar gluon condensate. We have, in the limit of finite quark masses [25] ,
where the first term of the energy-momentum tensor, within the chiral SU(3) model is the negative of the explicit chiral symmetry breaking term, L SB . In the mean field approximation, this chiral symmetry breaking term is given as
In the above, we have explicitly written down the matrix whose trace gives the Lagrangian density corresponding to the explicit chiral symmetry breaking in the chiral SU (3) model. Comparing the above term with the explicit chiral symmetry breaking term of the Lagrangian density in QCD given as
we obtain the nonstrange quark condensates ( ūu and d d ) and the strange quark condensate ( ss ) to be related to the the scalar fields, σ, δ and ζ as
and,
The coupled equations of motion for the non-strange scalar isoscalar field σ, scalar isovector field, δ, the strange scalar field ζ, and the dilaton field χ, derived from the Lagrangian density, are solved to obtain the values of these fields in the strange hadronic medium.
The QCD β function occurring in the right hand side of equation (4), at one loop level,
for N c colors and N f flavors, is given as
We then obtain the trace of the energy-momentum tensor in QCD, using the one loop beta function given by equation (10) , for N c =3 and N f =3, as given by,
where
. Using equations (4) and (11), we can write
Hence the scalar gluon condensate of QCD ( G a µν G µνa ) is simulated by a scalar dilaton field in the present hadronic model. For the case of massless quarks, the scalar gluon condensate is proportional to the fourth power of the dilaton field, whereas for the case of finite masses of quarks, there are modifications arising from the scalar fields, σ and ζ.
We calculate the light quark condensates, ūu , d d and ss and the scalar gluon condensate, αs π G a µν G aµν in the hadronic medium using the equations (7), (8) and (9) and (12) respectively, from the medium modifications of the scalar fields, σ, δ, ζ and χ. These values of the quark and gluon condensates are then taken as inputs for the studying the masses of the light vector mesons (ω, ρ, φ) in the strange hadronic matter using the QCD sum rule approach. In the next section we shall describe the QCD sum rule approach to study these in-medium vector meson masses in the isospin asymmetric strange hadronic medium.
III. QCD SUM RULE APPROACH
In the present section, we investigate the properties of the light vector mesons (ω, ρ, φ) in the nuclear medium using the method of QCD sum rules. The in-medium masses of the vector mesons are computed from the medium modifications of the light quark condensates and the scalar gluon condensate calculated in the chiral effective model as described in the previous section. The current current correlation function for the vector meson, V(=ω,ρ, φ)
is written as
where T is the time ordered product and J V µ is the current for the vector meson, V = ρ, ω, φ, given as j
gives the transverse tensor structure for the correlation function as
where,
The correlation function Π V (q 2 ) in the large space-like region Q 2 = −q 2 >> 1 GeV 2 for the light vector mesons (ω, ρ and φ) can be written in terms of the operator product expansion (OPE) as [5, 6] 12π
and µ is a scale which we shall take as 1 GeV in the present investigation. The coefficients c V i 's in equation (16) contain the informations of the nonperturbative effects of QCD in terms of the quark and gluon condensates. In equation (16), d V =3/2,1/6 and 1/3, for ρ, ω and φ vector mesons respectively.
For the vector mesons, ρ and ω, containing the u and d quarks (antiquarks), these coefficients are given as [5] c (ρ,ω) 0
In the above, α S = 4π/(b ln(Q 2 /Λ QCD 2 )) is the running coupling constant, with Λ QCD =140MeV and b = 11 − (2/3)N f =9. In equation (19) , the '∓' sign in the first term corresponds to ρ(ω) meson.
For φ meson, these coefficients are given as [5, 26] 
After Borel transformation, the correlator for the vector meson given by equation (16) can be written as
On the phenomenological side, the correlator function,Π V (Q 2 ) can be written as
where R V phen (s) is the spectral density proportional to the imaginary part of the correlator
On Borel transformation, equation (24) reduces to
Equating the correlation functions from the phenomenological side given by equation (26) to that from the operator product expansion given by equation (23), we obtain,
The finite energy sum rules (FESR) for the vector mesons are derived from equation (27) by assuming that the spectral density separates to a resonance part R
and a perturbative continuum as
For M > s V 0 , the exponential function in the integral of the left hand side of the equation (27) can be expanded in powers of s/M 2 for s < s V 0 . We then obtain the left hand side of equation (27) as
Equating the powers in 1/M 2 in the Borel transformations of the spectral functions, given by equations (28) and (29), we obtain the Finite energy sum rules (FESR) as
To evaluate c V 3 for the vector mesons ρ, ω and φ, given by equations (19) and (22), we use factorization method [27] ,
for q i = u, d, s for i = 1, 2, 3. In the above, κ i is introduced to parametrise the deviation from exact factorization (κ i =1). Using equation (33), the four quark condensate for the ω(ρ) meson given by equation (19) becomes
where we have used,
For the φ meson, using equations (22) and (33), we obtain the four quark condensate, c 3 φ as given by [26] 
We assume a simple ansatz for the spectral function,
Using the form of the spectral function given by equation (36), the finite energy sum rules for vacuum given by equations (30) to (32), can be written as
Using equations (37) and (38), we determine the values of F V and s (27) is modified to
where, in the nuclear medium, Π
for V=ω,ρ. and vanishes for φ meson [3, 5, 28, 29] . However, in the presence of hyperons in the hadronic medium, the contribution due to the scattering of the ω and ρ vector mesons from the baryons is modified to
where, g V i is the coupling strength of the vector meson, V with the i-th baryon (i = N, Λ, Σ ±,0 , Ξ −,0 ), ρ i and M i are the number density and mass of the i-th baryon. For the ω meson,
). In the nuclear medium, the contribution for the φ meson due to scattering from nucleons vanishes, since the φ meson-nucleon coupling strength is zero. In the strange hadronic matter, the contribution is, however, nonzero due to the presence of the hyperons in the medium. For the φ meson,
At finite densities, the finite energy sum rules (FESR) for vacuum given by equations (37) to (39) are modified to
These equations are solved to obtain the medium dependent mass, m * V , the scale s * V 0 and F * V , by using the coefficient k of the 4-quark condensate for the vector mesons, as determined from the FESRs in vacuum.
IV. RESULTS AND DISCUSSIONS
In this section, we first investigate the effects of density on the scalar gluon condensate and the light quark condensates arising due to the modifications of the dilaton field, χ and the scalar isoscalar fields σ and ζ calculated in the chiral SU(3) model. The values of these fields in the isospin asymmetric strange hadronic matter are obtained by solving the coupled equations of these fields in the mean field approximation. The nonstrange and strange quark condensates,(q = u, d) and ss , as well as, the scalar gluon condensate,
are calculated from the in-medium values of the fields σ, ζ and χ, by using the equations (7), (8), (9) and (12) identical, and their difference is due to the nonzero value of the isoscalar scalar field δ, as can be seen from equations (7) and (8) . For the u quark, there is seen to be smaller drop with density as compared to the d quark due to the negative value of the isoscalar scalar field δ in the medium. For the isospin symmetric nuclear matter, the value of the quantity (−m) 1/4 for q = u, d, changes from the vacuum value of 95.8 MeV to 85.7 MeV at the nuclear matter saturation density. This corresponds to a drop of the quantity, (−m)
for q = u, d, by about 36 % at the nuclear matter saturation density from its vacuum value.
At a density of 4ρ 0 , this quantity is modified to (72 MeV) 4 , which corresponds to a drop of about 69 % from its vacuum value. The drop of the non-strange condensate in the medium is the dominant contribution to the modification of the ω and ρ mesons in the medium.
The quantity (−m s ss ) 1/4 for given isospin symmetric (η=0) and isospin asymmetric (with In figure 3 , the density dependence of the mass of the ω-meson is shown for the cases of isospin symmetric (η=0) as well as the asymmetric matter for given values of the strangeness fraction, f s . There is seen to be initially a drop in the ω-meson mass with increase in density.
However, as the density is further increased, the mass of the ω-meson is observed to increase with density. This behavior can be understood from the equations (42) and (43), which yield the expression for the mass squared of the vector meson as
The contribution of c V 1 is negligible for the ρ and ω mesons, due to the small values of the masses of the u and d quarks. At low densities, the contribution from the scattering of the vector mesons from baryons, given by the last term in the denominator of (45) is negligible and the mass drop of the ω meson mainly arises due to the drop of the light quark condensates in the medium, given by the second term, c * V 2 in the numerator which comes with a negative sign. As seen in figure 2 , the modification of the scalar gluon condensate of the term c * V 2 is much smaller than that of the light quark condensate. However, at higher baryon densities, the last term in the denominator, the so-called Landau scattering term, becomes important for the ω meson. This leads to an increase in the mass of the ω vector meson with density, as can be observed in figure 3 . The denominator becomes negative above a certain value of density, when there does not exist any solution for the mass of the ω meson, since m * 2 V becomes negative. For the case of nuclear matter, the mass of the ω meson remains very similar in the isospin symmetric as well as isospin asymmetric cases. This is because the modification of the ω meson at low densities is mainly due to the quark condensates in the combination (m uū u + m dd d), which depends only on the value of σ (as seen from equations (7) and (8)), and, σ is marginally different for the symmetric and asymmetric cases. At higher densities, the effect of the Landau scattering term becomes important. However, there is still observed to be very small difference between the η = 0 and η=0.5 cases of nuclear matter, since the dependence of this term on the proton and neutron densities is in the form (ρ p +ρ n ), which is same for the two cases at a given density.
With the inclusion of hyperons in the medium, the contribution of the scattering term in the denominator of equation (45), becomes smaller in magnitude due to the smaller values of the baryon-ω meson coupling strengths for the hyperons as compared to the nucleons. However, the trend of the initial mass drop followed by an increase at higher densities is still seen to be the case for the mass of the ω-meson. However, the density above which the ω-mass is observed to increase with density, is seen to be higher for finite strangeness fraction in the The density dependence of the scale s * V 0 , which separates the resonance part from the perturbative continuum, is shown in figure 6 for the ω, ρ and φ vector mesons. For isospin symmetric nuclear matter, for the ω meson, the vacuum value of 1.3 GeV 2 is modified to about 1.086 and 1.375 GeV 2 at densities of ρ 0 and 2ρ 0 respectively. The dependence of s * V 0 on density as an initial drop followed by an increase is similar to that of the density dependence of the mass of the ω meson. This can be understood in the following way. From the medium dependent FESRs, we obtain the expression for the scale s * V 0 as
The value of the second term in the bracket, within the square root, is found to be small as compared to 1. At higher densities, the second term still remains small as compared to 1, due to the cancelling effect of the contributions from the quark condensate and the Landau scattering term. This is seen as the density dependence of s * ω 0 to have first a drop and then an increase with density as found for the mass of the ω meson. The dependence of the scale s * V 0 for the ρ meson is observed to be a monotonic drop with increase in density, due to the negligible contribution from the Landau damping term as compared to the contribution from the light quark condensate. In the case of φ meson, the effect of the scattering term is zero for the nuclear matter case, when s * φ 0 is observed to have a small drop due to the marginal drop of the strange condensate and the gluon condensate in the medium. For the hyperonic matter, there is observed to be an increase in s * φ 0 due to the scattering from the hyperons, which is observed to be larger for the isospin symmetric case as compared to the isospin asymmetric situation. In figure 7 , the value of F * V is plotted as a function of density. From the first finite energy sum rule given by equation (42) There is seen to be a large effect from the strangeness fraction of the medium on c φ 3 , since the strange condensate has appreciable effect from f s , as can be seen from figure 1.
V. SUMMARY
In the present investigation, we have calculated the effect of density on the masses of the light vector mesons (ω, ρ and φ) using the QCD sum rules, from the light quark condensates and gluon condensates in the medium calculated within a chiral SU (3) which has marginal effect from the isospin asymmetry. For the φ meson, there is observed to be a drop in the mass in nuclear matter due to the modification of the strange quark condensate and scalar gluon condensate, because the contribution from the Landau term for the φ meson vanishes in the nuclear matter. The mass shift of φ meson in nuclear medium is seen to be small, of the order of 20 MeV at a density of 5ρ 0 . This is because the strange condensate as well as gluon condensate have very small modification in the medium and occur with opposite signs in the coefficient c * φ 2 . In the presence of hyperons, however, there is seen to be an increase in the mass of the φ meson with density due to contribution from the Landau term arising from scattering of the φ meson with the hyperons. The mass of the φ meson is observed to have larger effect from the Landau scattering term for the isospin symmetric case as compared to the isospin asymmetric hyperonic matter.
